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Abstract
Statistical method development is useful when expense, quantity ofmaterial, or
time is limited, as experiment numbers are significantly reduced. The purpose of this
study was to create a statistical model that explains the relationship between viscosity,
temperature, concentration, and dilution due to bodily fluids in a pharmaceutical context
of carboxymethylcellulose (CMC) solutions. The Graeco-Latin square design was
employed to chose data points andMinitab statistical software was used for data
analysis. It was found in this model that concentration and dilution have the greatest
effect on viscosity, while temperature has a lesser effect. It was also found that there was
some interaction between the variables (temperature, concentration, and dilution) chosen
for this study.
Introduction
Carboxymethylcellulose (CMC) is a water-soluble anionic polyelectrolytic linear
polymer. In 1946, CMC was introduced commercially. Its growth was accelerated by
the world conflict in the early 1940s when fatty acid usage drastically shifted from
civilian soap manufacture to wartime manufacture ofexplosives. In 1946, CMC was
introduced commercially. Even though CMC was developed shortly afterWorld War I
as a possible replacement for some gelatin uses, the major growth in the use ofCMC
began after it was discovered that it improved the efficiency of synthetic detergents. Its
usage in detergent systems was to prevent soil redeposition after the soil had been
removed from the fabric by the synthetic detergent. The antisoil redeposition properties
ofCMC are believed to be caused by CMC slightly binding to the fabric, giving the cloth
a negative charge that prevents the negative soil particles from redepositing. Another
theory claims that the colloid system developed by the CMC polymer is sufficient to keep
the dirt particles from reestablishing on the surface of the fabric.
In the early 1950s, CMC was also used as a low add-on warp sizing in the textile
industry. It was in high demand due to the fact that it reduced the pollution load in plant
effluents. The warp sizing is removed after weaving, prior to finishing. This was
accomplished traditionally on starch with enzymes and water washings with volumes of
hot water, producing pollution due to large biological oxygen demands (BOD). CMC
can be easily removed with much less water and at lower temperatures than any other
normally used size. The inherently low BOD ofCMC warp size often permits
discharging ofdesizing wastes directly into a nearby stream, a practice which may be
prohibited when using starch sizes. CMC warp size is more soluable than starch, and
desizing is simplified, since enzymes are not required. Due to the far lower biological
oxygen demands ofCMC, its use in warp sizing through the late 1950s and the 1960s
increased.1
Many new applications for CMC have been developed since then. In the mid-
1940s the USDA and the FDA approved CMC for its use in food and oral pharmaceutical
products. Since the mid- 1940s CMC usage has grown tremendously. This growth is
attributed to the wide variety ofuses for CMC and the ability to manufacture a wide
variety of types to fit the expanding needs of industry.
Applications ofCMC
Currently, millions ofpounds of cellulose ethers are produced annually to be used
as food additives, adhesives, coatings, textiles, paints, cosmetics, and, as in the case of
this study, pharmaceuticals. It is used as a thickener, binder, and suspending agent. It is
also used as a protective film former in latex paints and textiles. To serve these diverse
industries, CMC is available in three grades: food, pharmaceutical, and standard.2Some
examples of its use in the food industry is as a water binder and gravy thickener in pet
food. It is also used in many frozen desserts to prevent ice crystal formation. In instant-
type dry beverages CMC is used to improve the mouth feel, suspend the pulp solids, and
stabilize the system. In the pharmaceutical industry it is used in ointments, creams, gels,
lotions, and other skin applications as a thickener and film-former. It is also used in bulk
laxatives due to its high water-binding capacity.
The focus of this study is on CMC as a drug delivery system that interacts with
the mucosal membranes of the body. The mucosal membranes of the body include:
mouth, nose, bladder, eyes, and the vaginal wall.
Theory
Structure ofCMC
Cellulose is a fibrous solid. The most common sources ofcellulose are wood
pulp and cotton lint. Wood pulp and cotton lint consist ofapproximately 95-99%
cellulose.3CMC is a cellulose ether formed by nucleophilic substitution. These reactions
are irreversible and give a rate-controlled distribution of substituents. CMC is produced
commercially, as shown by the following reaction, by treating cellulose with aqueous
sodium hydroxide followed by reaction with sodium chloracetate. 1 Reactions are
generally conducted at 50 to 70C.
RceiiuioseOH + NaOH + ClCH2COONa ? Rc.ii_ioseOCH2COONa + NaCl + H20
CMC is typically marketed as the sodium salt due to the fact that its acid form has poor
water solubility.
CMC (Figure 1) is composed of repeating anhydroglucose units, where each unit
found in the original cellulose contains three hydroxyl groups. By substituting
carboxymethyl groups for the hydrogens in the hydroxyl groups CMC is formed. This
substitution is facilitated as a result of the hydroxide groups ofcellulose being oriented
equatorially. The order ofpreference of substitution is C-2>C-6C-3. Carbon 2 is the
most acidic carbon and therefore the most favored; however carbon 3 is the least
preferred due to steric hindrance.
Figurel: Structure of carboxymethylcellulose
The average number ofhydroxyl group hydrogens that have been replaced for each
anhydroglucose unit is known as the degree of substitution orDS. If all three hydroxyl
hydrogens were replaced, the maximum theoretical DS would be 3.0. However, optimum
water solubility ofCMC is obtained at a much lower degree of substitution. The most
common commercial DS is 0.7, which means that for every ten anhydroglucose units
substitution has taken place at seven of the thirty possible sites. The CMC used in this
study has a DS of 0.7.
Properties ofCMC
Temperature affects the viscosity ofCMC solutions. As shown in figure 2, a
slight decrease in viscosity is observed as temperature increases.
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Figure 2: Effect of temperature on the viscosity ofdifferent grades ofCMC in aqueous
media.2
Under normal conditions the effect of temperature on viscosity is reversible. Moderate
temperature variation has no permanent affect on viscosity; however exposure to long
periods ofhigh temperature can cause degradation ofCMC. For example, 7L type CMC
in solution held at 82.2C (180F) for 48 hours lost 64% of its original
viscosity.2See
Appendix A for an explanation of the designations of types and grades ofCMC.
CMC solutions maintain their normal viscosity over a wide pH range. CMC has
the best stability and maximum viscosity at a pH of 7 to 9. Above a pH of 10 a slight
decrease in viscosity is observed. Below a pH of4 the less soluble free acid CMC
predominates. At this pH a slight precipitate of the polymer is observed and viscosity can
decrease significantly.
CMC is affected by microbial attack. Even though CMC is inert in our
physiology, it is quite tasty to microbes. Cellulases (hydrolytic enzymes) ofthese
microbes break down CMC, thus causing shorter CMC chain length, which results in a
severe drop in viscosity. This problem can be solved by autoclaving or the addition of
preservatives. Storing solutions at low temperatures can also hinder microbial attack.
The risk ofbiological attack is greater in solution systems than on the dry form of
CMC.1
Physiological properties
Sodium Carboxymethylcellulose is classified under "Substances That Are
GenerallyRecognized As
Safe" by Title 21, section 182.1745 of the Code ofFederal
Regulations (U.S.A.). Several animal studies have been performed to determine the
toxicological properties ofCMC. No changes in the animals' behavior, growth or bodily
functions were observed. Additionally, skin irritation and sensitizing tests were
performed on two hundred human volunteers. There was no evidence ofCMC being a
primary irritant or sensitizing agent
1,3
Viscosity
Viscosity is defined as the friction within a fluid that resists flow. Viscosity of a
solution will increase as the attractive forces within the fluid increases. Consider a fluid
that is composed of adjacent parallel plates such as the one shown in figure 3.
Fiiict;son velocity 'appiied
stationary piate
Figure 3: Velocity gradient in a volume of fluid.
According to Newton's Second Law, when a fluid is at rest the net force acting on the
fluid is zero. When shear force is applied to the top plate in the figure a velocity gradient
will result. The net internal attractive forces (friction) act in the opposite direction of the
applied force to oppose the motion of the plates in an attempt to restore the fluid to its
equilibrium rest position.
Viscosity can be measured in a variety ofways, but in the case of this study a
Brookfield Digital Viscometer (model RVTDV-IT) was used. The Brookfield Viscometer
measures viscosity as shown in figure 4. A spindle is placed in the solution to be tested.
The spindle is attached to a beryllium copper spring and is rotated at a constant velocity
by an electric motor. The viscosity ofthe solution is calculated by the instrument and is
proportional to the extent to which the spring is wound as a result of its rotation in the
solution.4
Figure 4: Apparatus for measuring
viscosity.4
For a given viscosity the resistance to flow (indicated by the degree in which the
spring winds up) is proportional to the spindle's size and shape. The drag will increase as
the spindle size and/or rotational speed increase. For a given spindle shape and speed, an
increase in viscosity will be indicated by an increase in the deflection of the
spring.5For
any viscometer model, the minimum range is obtained by using the largest spindle at the
highest speed, while the maximum range is achieved by using the smallest spindle at the
slowest
speed.5
The fundamental unit ofviscosity measurement is the
"poise." Amaterial
requiring a shear stress ofone dyne per square eentimeter to produee a shear rate ofone
reciprocal second has a viscosity ofone poise or 100 centipoise
(cps).5 In this study the
unit ofmeasurement used is the centipoise.
Average ehain length and degree of substitution determine the moleeular weight
ofCMC. As molecularweight increases, viscosity ofCMC solutions increase rapidly.
Pseudoplastic and thixotrophic behavior is observed in aqueous solution.
Pseudoplastic behavior, a form ofnon-Newtonian flow is defined as a time-
independent shear thinning for high viscosity solutions. Non-Newtonian flow, as shown
in figure 5 occurs when the long polymer chain molecules tend to orient themselves in
the direction of flow, so as shear rate increases viscosity decreases.
10
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Figure 5: Pseudoplastic behavior of
CMC.2
Once the high shear stress is removed a pseudoplastie solution will instantly revert back
to its original highly viscous state. When a lower stress is imposed on the same solution,
the apparent viscosity is higher because the random orientation ofmolecules causes an
increase in the resistance to flow (viseosity).
If long-chain polymers have a considerable amount of interaction, theywill tend
to develop a three-dimensional structure and exhibit a phenomenon known as
thixotrophy.2 Thixotrophic behavior is defined as a time-dependent viscosity change
characterized by an increase in apparent viscosity when a solution remains at rest for a
period of time after shearing. As can be seen in figure 6, viscosity decreases with time at
a constant shear rate. Once the shear force is removed, viseosity increases significantly
with time. The viscosity of the solution will eventually revert back to its original
viscosity and in some cases it will revert back to a viscosity higher than its original value.
11
Time
Figure 6: Thixotrophic behavior ofCMC.1
Statistical Experimental Design
Statistical experimental designs have been increasingly employed as a useful
option in analytical method development. A statistical experimental design is useful
when expense, quantity ofmaterial or time are limited, as experiment numbers are
significantly
reduced.6
There are several software programs, such asMnitab, that are capable of
handling the complex calculations to analyze data from any statistical design, but it is
useful to understand how those values are computed to employ this
technique.6
Graeco-Latin Square Design
The Graeco-Latin square design is often employed to test multiple variables at
once instead ofusing the traditional three variable technique. To understand the Graeco-
12
Latin square design one must first understand the simple Latin square design. In general
this design is a square containing/? rows and/? columns as shown in Table 1, where the
numbers stand for the different treatments.
1 2 3 4
I A B C D
II B C D A
in C D A B
VI D A B C
Table 1 . A generic Latin square design set-up.
Each of the resulting/?2cells contains one of the/? letters that corresponds to the
treatments and each letter occurs once and only once in each row and column. This
model is completely additive; that is, there is no interaction between rows, columns, and
treatments. A disadvantage of small Latin squares is that they provide a small number of
error degrees of freedom.7
A Graeco-Latin square is apxp Latin square superimposed onto a second pxp
Latin square in which the treatments are denoted by Greek letters as shown in Table 2.
i 2 3 4
I Aa B(3 Cy D6
n B5 Ay DP Ca
m cp Da A6 By
VI Dy C8 Ba AP
Table 2 . A generic Graeco-Latin square design set-up.
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If the two squares when superimposed have the property that eaeh Greek letter appears
once and only once with each Latin letter, the design obtained is a Graeco-Latin square.
This design allows investigation of four factors.
14
Statistical Theory
Minitab can handle the complex calculations required for the Graeco-Latin Square
design. To better understand the results thatMinitab produces one must understand some
statistical theory behind the computer calculations.
Regression analysis
In regression analysis, Minitab gives an equation that uses one variable to help
explain the variation in another variable. The program uses the least squares method to
draw a straight-line plot and uses it to predict results from the given model. The least
squares criterion uses the line fit to the data that gives the smallest sum of squared
deviations.7 Thus for a response, y, and a single explanatory variable, x, Minitab gives
^(x-x)(y-y)
you an equation ofthe line that is in the v = ax + b format, where b
2.2_o~* )
and a-y-bx. The sum of squared deviations is printed in the analysis ofvariance
section of the regression analysis results printed by Minitab. The output also gives R-
squared (R-Sq) values. R-squared is the square of the correlation between the observed y
values and the fitted y values. It also is the fraction of the variation in y that is explained
by the fitted equation. Minitab uses the following equation to calculate R-Sq:
RegressionSS ErrorSS
q
TotalSS
~
~
TotalSS
The total sum of squared deviations (SS) is ameasure of the variation ofy about its
mean. The regression SS is the amount of this variation that is explained by the
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regression line. Minitab converts it to a percentage. Thus the regression equation can
explain a percentage of the variation in y. Thus a larger R-squared value is
ideal.7
The adjusted R-squared (R-Sq adj) takes into account the number ofpredictors in the
model. The following equation is used in calculating this value. Where p is the number
ofparameters in the candidate model and n is the number ofobservations in the data set.
ErrorSS
R-Sq(adj) = \- n~PTotalSS
R-Sq and R-Sq (adj) are multiplied by 100 to give a percentage.
Stepwise regression
First Minitab starts by fitting all models with just one variable. For each model it
checks the F-value associated with that variable. The F-value is the ratio of regression SS
to error SS. The variable with the largest F-value (beyond a minimum F-value determined
byMinitab) is added to the equation. Let us assume that the variable X3 was entered in
the equation in the first step. Next Minitab fits all two-variable models in which one of
the variables is X3. The variablewith the largest F-value is added to the equation just as
previously done. Now Minitab looks to see if any variables in the equation (other than
the one just entered) can be removed. The variable with the smallest F-value (beyond a
predetermined threshold) is then removed. Minitab continues in this manner, first adding
the variable with the largest F-value and then removing the variable with the lowest F-
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value until it can no longer add or remove any variables. At each step Minitab prints the
coefficient, t-ratio, s, and R-sq for the equation.
Stepwise has several advantages: you can have many predictors, you can have
more predictors than observations, and you can have predictors that are highly correlated.
However, stepwise uses a heuristic approach to add and remove variables and it many not
find models with the highest R-sq
value.8
Best subsets regression
Minitab first looks at all one-predictor models and selects the model with the
largest R-sq value. Information on this model and the next best one-predictor model is
printed. NextMinitab looks at all the two-predictor models, finds the one with the largest
R-sq and prints the information on it and the next best one. Minitab continues in this
fashion until all number ofpredictors are used.
In general, Minitab looks formodels in which Cp is small and also close to p.
The definition ofCp is given by the following equation:
Cp = (n - 2p) . Where p is the number ofparameters in the candidate model
MSEm
and n is the number ofobservations in the data set and SSE is the sum of squares error.
MSE is a measure of the error variance for the regression equation and the m denotes that
is it calculated from the full model (the model with all predictors in it). Ifa model has
little or no bias, Cp should be close to p. If a model has considerable bias, Cp should be
larger than p. IfCp is small the model is relatively precise (has small variance) in
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estimating the true regression coefficients. Adding more predictors typically will not
improve this precisionmuch.8
Main effects plot and interaction plot
In a main effects plot the average response for each level of a factor is displayed.
In an interaction plot, these points are separated according to the level of a second factor.
If the effect on the response ofone factor depends on the level ofanother factor, we say
the two factors interact. If the factors do not interact the plots of these factors would
show roughly parallel
lines.8
Descriptive statistics
The descriptive stat command breaks down data by predictor. The resulting
printout gives the mean (or average), the median, the trimmed mean, standard deviation,
and the standard error of the mean (SE mean). It also gives you the minimum (MIN) or
smallest value and the maximum (MAX) or largest value in the data set for the data set
for the chosen predictor. Minitab also tells you which observations fall in the first or
lower quartile (Ql) and the third or upper quartile (Q3). The three numbers Ql, Q2, and
Q3 split data into four essentially equal
parts.8The observations are listed in descending
order. Ql is at position and Q3 is at position . If the position is not an
integer, interpolation is used. For example, suppose = 10 , then - = 2.75 and Ql
18
is between the second and third observations (call them x2 and x3 ) and is three-fourths of
the way up. Thus, Ql = x2 + 0.75(x3 - x2 ) . For Q3,
3(10 + 1)
= 8.25 . Thus,
Q3 = x, + 0.25(x9 - xt) , where xs and x9 are the eighth and ninth observations.
19
Recent Studies
A study done by Owen et al tested the rheological properties of four commercially
available spermicidal gels and their dilutions with a vaginal fluid simulant (pH 4.2) and a
semen simulent (pH 7.7). Two polyacrylic acid derivatives and two CMC based
spermicidal gels were tested at 25C and 37C over a biologically relevant range of shear
rates. Statistical analysis ofdata was performed using the shareware software package R.
For both CMC gels (Gynol II and Conceptrol ) temperature accounted for about a third of
the variation not attributable to shear rate. For these two gels, decrease in viscosity due
to an increased temperature was more pronounced at lower shear rates. Temperature
accounted for 28% and 17% of the unexplained variation, while dilution type accounts
for 24% and 34% of the unexplained variation for Gynol II and Conceptrol, respectively.
Interaction terms were statistically significant for both these gels. They concluded that
interactions of formulations with fluids in the vagina cause changes in viscosity that
should be taken into account in the formulation design. Gel optimization should not
focus simply on rheology ofundiluted material, but also include a selection of
macromolecules that produce desirable interactions with the vaginal environment.9
Recent Related Studies at RIT
J.W. Cooper did a thesis on the quantitation ofYohimbine using method
development through statistical design. A factorial experimental designwas employed
since it allowed the systematic investigation ofjoint effects by enabling a statistical
analysis to interpret the significance of factor levels, while limiting the number of
20
experimental runs needed. In his study Minitab statistical software was used to analyze
the data from his factoral design.6 Due to the accessibility and the success ofMinitab in
the previous study it was also used in this study to analyze the data generated.
Deborah Hawkins did a study on the effect of addition of trivalent cations to
different solutions ofCMC. 4 She noticed an overall variability in her viscosity
measurements. Figure 7, shows a graph of viscosity vs. age of solution data. When the
viscosities were inspected in terms of the temperature of each solution at the time
viscosity was measured she noticed that the overall variability could be due to
temperature fluctuation.
21
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Figure 7: Influence of temperature on viscosity on CMC
solutions.4
In order to factor out this source ofviscosity variability, Hawkins decided to
quantitatively determine the dependence ofviscosity on solution temperature. From her
results shown in table 3 and figure 8 she was able to create a normalization factor, which
allowed the overall viscosity variability in her data to decrease.
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Temperature Viscosity Temperature Viscosity
(C) (cps) (Q (cps)
15.4 1174.5 22.4 969.4
16.3 1146.5 24.3 925.8
17.3 1116.0 23.45 941.6
18.3 1080.0 28.55 817.4
19.35 1050.0 27.05 846.4
20.1 1030.0 26.15 872.0
Table 3: Viscosity as a function oftemperature of solution.
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Figure 8: Viscosity as a function of temperature of solution.
Due to the viscosity dependence on temperature as shown in these previous
studies, further investigation would be beneficial and would be especially helpful in the
23
pharmaceutical industry. If the temperature of the part of the body the medicine is
determined, the viscosity of the formulation can be adjusted accordingly.
The purpose ofthis study is to create a statistical model that explains the
relationship between viscosity, temperature, concentration, and dilution due to bodily
fluids in a pharmaceutical context for CMC solutions.
24
Experimental
Use of Graeco-Latin Square to Select Data Points
The choice ofdata points were shaped by the Graeco-Latin Squares statistical
model in order to minimize lab time. The experimental variables were temperature,
concentration, and dilution with water. The Latin Squares set-up is shown in Table 4.
Temperature 3g/L [CMC] 6 g/L [CMC] 9 g/L [CMC] 12 g/L [CMC]
30C 10:1 dilution 10:2 dilution 10:3 dilution 10:4 dilution
35C 10:2 dilution 10:3 dilution 10:4 dilution 10:1 dilution
40C 10:3 dilution 10:4 dilution 10:1 dilution 10:3 dilution
45C 10:4 dilution 10:1 dilution 10:2 dilution 10.3 dilution
Table 4: Experimental set-up using the Latin SquaresMethod.
All data points were done in quaduplicate.
Materials
The CMC used in this study was purchased from the Aqualon Company. The
commercial grade used was 7HOF and specifically Aqualon Lot #66187. Table 5
describes the meaning ofthis systematic grade name. Appendix A contains a more in
depth explanation of the different Aqualon designations.
25
Designation Description
7 degree of substitution is approximately 0.7
H high viscosity
0 provides the best solubility and storage in acid media
F food grade-intended use in food, cosmetic, and
pharmaceutical applications
Table 5: Aqualon Designations ofCMC
CMC Solution Preparation
A stock solution of 12.Og CMC per liter ofwater was prepared as follows. Two
liters of the stock solution were prepared at a time. Solutions were prepared using a Ross
ME 100ml emulsifier/mixer. It is an in-line mixer primarily used for emulsions, where
the fluid moves in a clockwise direction only. The speed of the mixer is qualitative, with
a scale ranging from 0 (no movement) to 10. The fine emulsion screen (maximum shear)
was the only one used in this
study.10A schematic of the Ross mixer can be found in
Appendix B.
At the minimum setting of the mixer, dry CMC was sprinkled into 2.0 liters ofdistilled
water over a period of30 minutes to avoid clumping. The solution was then allowed to
mix for 4 hours at the mixer setting speed 3. Once the solution was finished mixing it
was placed overnight in a refrigerator kept at 5C.
26
The CMC concentrations of 3, 6, and 9g CMC/L were made from the stock
solution using 1 liter volumetric flasks and were allowed to sit overnight in the
refrigerator. These solutions were then diluted with distilled water according to the
experimental set-up using 50 and/or 500ml volumetric flasks. Once the diluted solutions
were made they were placed in awater bath and brought to the recording temperature
(0. 1C). Once the solutionwas at the appropriate temperature the viscosity was
measured.
ViscosityMeasurements
Viscosity ofCMC solutions were measured using a Brookfield Digital
Viscometer model RVTDV-II using either the Ultra Low Adapter or Spindle A. The way
in which viscosity data is determined using Spindle A is similar to the setup in Figure 4
shown previously on page 8. The setup of the viscometer using the Ultra Low Adapter
(UL adapter) is shown in figure 9.
27
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Figure 9: The Brookfield Viscometer using the Ultra Low Adapter
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The UL adapter features coaxial-cylinder geometry with a removable polyethylene end
cap for the outer cylinder. With the end cap in place the adapter holds a sample volume
of
16.0ml.5 The outer cylinder was attached over an inner cylinder in such a way that the
space between the two was occupied by the sample. A shear stress is then supplied by
rotating the inner
cylinder.11
The viscosity of each solution was recorded at the fourminute mark and recorded
every 30 seconds for 15 minutes. Average viscosity was then calculated for each sample.
The instrument rpm setting varied depending on the sample being tested. Since various
spindles and speeds were used a correlation factor was obtained from the Brookfield
Viscometer manual (Table 6).12'13 The average viscosity ofeach solution was multiplied
by the appropriate correlation factor.
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Spindle factor
UL adapter 64/N
Spindle A 2000/N
Table 6: Viscosity Correlation factors (N=rpm)
12,13
Data Analysis
The Q-test was preformed on each data set to remove any anomalous data. The
Qexperimeataivalue was compared to the Q95% value and ifthe Qexpenmentaiwas greater than
the Q95% that value was discarded.
Data was then put intoMinitab statistical software version 13.32 2002 Minitab.
Columns for temperature, concentration, and dilution were made and data entered
accordingly. Three more columns were added to determine if there was any interaction
between temperature, concentration, and dilution. The way in which this was done by
multiplying two of the variables together to get the values entered in the columns labeled
TC, TD, and CD (T=temperature, C=concentration, and D=dilution). Once data was
entered the following actions were performed: regression analysis, descriptive statistics,
stepwise regression, best subsets regression, main effects plot, and interaction plot.
Table 7 shows the directory and input for each action performed.
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Action Directory Input
Regression analysis stat/regression/regression. . . Responses: viscosity
Predictors: temperature,
concentration, dilution
Descriptive Statistics stat/basic statistics/display
descriptive statistics
Variables, viscosity
By variable: dilution
Stepwise regression stat/stepwise. . . Responses: viscosity
Predictors: temperature,
concentration, dilution
Best subsets regression stat/best subsets... Response: viscosity
Free predictors:
Temperature, concentration,
dilution, TC, TD, CD
Main effects plot stat/ANOVA/main effects
plot
Responses: viscosity
Factors: temperature,
concentration, dilution
Interaction plot stat/ANOVA/interaction
plot
Responses: viscosity
Factors: temperature,
concentration, dilution
Table 7: Minitab directory and input.
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Results and Discussion
In order to see a generalized affect on viscosity by temperature, concentration, and
dilution, a main effects plot was generated (Figure 10). In the concentration vs. viscosity
plot at the 12g CMC/L data point, a huge jump in viscosity is observed, while at the
lower concentrations a straighter line can be seen. For both the temperature and dilution
graphs no clear relationship can be seen.
Main Effects Plot - Data Means forViscosity
Tertperature Cone Dlution
48000 -
Figure 10: Main Effects Plot ofGraeco-Latin square design.
An interaction plot was generated by Minitab for further analysis of the data (figure 11).
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After inspection of the interaction plot and consideration ofprevious work by Teresa
Lorenz, it was decided to remove the 12g/L [CMC] data points. The large jump in
viscosity at higher concentrationswas also observed by
Lorenz.14 She studied CMC in
solutions ofdivalent cations ofhigh ionic strength. Her data for a CMC solution with an
ionic strength of2.0M for two monovalent salts is shown in Figure 12. Similar results
were also observed in her other experiments with different ionic strengths ranging from
1=1.0 to 1=6.0.
600 -r
500 --
400
300 -*
I
200 *
too --
* KCI
NaCl
0.5 0-7
dlCConcentration, g/dL
Figure 12: T. Lorenz's data: Viscosity vs. Concentration ofCMC inmonovalent salts,
I=2.0M.14
From Lorenz's graph a large increase in viscosity can be seen at her highest concentration
ofCMC in theNaCl salt. She concluded that there must be a triple point convergence
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with respect to the CMC concentration, ionic strength, and the cation size inwhich the
maximum viscosity for a particular system is reached for CMC/divalent
solutions.14
Ockham's razor suggests that the viscosity jump in the concentration graph in figures 10
through 12 could simply be due to chain entanglements ofCMC at higher concentrations.
Further testing is needed to determine what mechanism is occurring at the more
concentrated solutions ofCMC. A separate statistical model may also be needed at these
higher concentrations.
All of the 12g CMC/L data was removed and additional data points were then
measured to fill in the gaps left by the 12g/L data points (Table 8) in order to create a
more complete design.
Temperature dilution concentration
30C 10:2 3g/L
35C 10:4 6g/L
40C 10:2 9g/L
45C 10:1 9g/L
30C 10:4 6g/L
35C 10:1 3g/L
45C 10:3 9g/L
Table 8: Additional data points.
Once the data points in table 8 were collected with four trials per data point, a
main effects plot was generated byMinitab statistical software. From the main effects
plot (Figure 13, it can be seen clearly in the concentration graph that as concentration
increases viscosity increases. In the dilution main effects plot it shows that viscosity
decreases as dilution increases.
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Main Effects Plot - Data Means for viscosity
Tenp dilution
m
8
3200 -
2400
1600 -.
800 -
Figure 13 Main Effects Plot generated byMinitab statistical software ofmodified
Graeco-Latin square design.
The removal of the 12g/L data points allowed theMain effects plots to be not so chaotic
however, from the temperature graph a direct relationship between viscosity and
temperature still could not be seen. Temperature could be tied into the other factors so
much that a linear relationship may not exist. The relationship between viscosity and
temperature is hard to see in the main effects plot, so an interaction plot (Figure 14) was
generated to better understand this relationship.
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Transitional behavior may be occurring between the concentrations of6g/L and
9g/L causing chaos in the graph. It was originally thought that this transitional behavior
was occurring between the 9g/L and 12g/L data points due to similar results from
previous studies.5'
14 The change in CMC behavior at higher concentrations causes
chaos in the data. Further experiments are required to study the concentrations in the
range between 6g/L and 9g/L CMC to determine the concentration critical point where
this transitional behavior begins.
In plot [a] in figure 14, the 9g/L data can be arranged into two groups: 40-45C
and 30-35C. The graph shows that the viscosity is larger for the 40-45C group than for
the 30-35C group. Previous studies at single concentrationswith no dilution showed
that as temperature increases viscosity
decreases.1'4
However, within the two data groups
the viscosity decreases as temperature decreases, which agrees with what has been
previously observed. This unusual temperature behavior could be due to the fact that
above 40C there is no longer a hydrated polymer. Loss ofwater structure for alcohols
occurs at 40C. To better understand the mechanism that is occurring here further
experimentation will be required. Future experimental set-ups might include testing at
higher and lower temperatures or testing temperatures between the four points that were
chosen for this study. The interaction plot re-enforces the need to determine the
concentration critical point. In plot [c], figure 14 the effect ofdilution is more apparent
at higher concentrations. In future studies it may be useful to design a different statistical
model for choosing data points to see if the same results are obtained.
The first regression analysis performed was for the model that had the following
predictors: temperature, concentration, and dilution (Figure 15). The regression equation
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and the "Coef' column shows that as temperature increases 1 degree viscosity will
increase by 34.02cps. Also according to this model when concentration increases by 1
gram per liter viscosity will increase by 601.38cps. And lastly ifdilution increases by 1
unit it will cause the viscosity to decrease by 75.61cps. The "SE coef column calculates
the error associated with each predictorwhich is then used in calculating the p-value.
Looking at the p-value column (p) it can be seen that the two significant predictors in this
model are concentration and dilution, since their p values are less than 0.05. This is
consistent with the main effects plot since in both the concentration and dilution plots a
direct relationship with viscosity can be seen.
The regression equation is
viscosity = - 1459 +34.0 Temp + 601 cone - 75.6 dilution
Predictor Coef SE Coef T p
Constant -1459 1292 -1.,13 0.,2 63
Temp 34.02 32.96 1.,03 0 ,306
cone 601.38 76.23 7 .89 0,,000
dilution -75.61 15.62 -4,.84 0,.000
S = 1447 R-Sq = 59.3% R-Sq(adj) = 57.3%
Analysis of Variance
Source DF SS MS F P
Regression 3 189086720 63028907 30.10 0.000
Residual Error 62 129815221 2093794
Total 65 318901941
Source DF Seq SS
Temp 1 29363935
cone 1 110646435
dilution 1 49076350
Unusual Observations
Obs Temp viscosit Fit SE Fit Residual St Resid
33 30.0 5670 2705 405 2965 2 . 13R
Figure 15: Regression analysis for the predictors temperature, concentration, and dilution
generated byMinitab statistical software.
38
and the "Coef column shows that as temperature increases 1 degree viscosity will
increase by 34.02cps. Also according to this model when concentration increases by 1
gram per Uter viscosity will increase by 601 .38cps. And lastly ifdilution increases by 1
unit it will cause the viscosity to decrease by 75.61 cps. The "SE coef column calculates
the error associated with each predictor which is then used in calculating the p-value.
Looking at the p-value column (p) it can be seen that the two significant predictors in this
model are concentration and dilution, since their p values are less than 0.05. This is
consistent with the main effects plot since in both the concentration and dilution plots a
direct relationship with viscosity can be seen.
The regression equation is
viscosity = - 1459 +34.0 Temp + 601 cone - 75.6 dilution
Predictor Coef SE Coef T p
Constant -1459 1292 -1..13 0..263
Temp 34.02 32.96 1..03 0.,306
cone 601.38 76.23 7..89 0 ,000
dilution -75.61 15.62 -4 .84 0 .000
S = 1447 R-Sq = 59.3% R-Sq(adj) = 57.3%
Analysis of Variance
Source DF SS MS F P
Regression 3 189086720 63028907 30.10 0.000
Residual Error 62 129815221 2093794
Total 65 318901941
Source DF Seq SS
Temp 1 29363935
cone 1 110646435
dilution 1 49076350
Unusual Observations
Obs Temp viscosit Fit SE Fit Residual St Resid
33 30.0 5670 2705 405 2965 2 . 13R
Figure 15: Regression analysis for the predictors temperature, concentration, and dilution
generated byMinitab statistical software.
38
Missing Page
Descriptive statistics were performed by dilution (figure 17) because a large jump
at the 20% dilutionwas observed in the main effects and interaction plots before the Q-
test was performed.
Variable dilution N Mean Median TrMean StDev
viscosit 10 15 3436 1137 3185 3349
20 23 5663 1203 4336 10952
30 12 1200 823 862 1562
40 15 519.4 565.8 512.1 336.9
Variable dilution SE Mean Minimum Maximum Ql Q3
viscosit 10 865 181 9955 480 6440
20 2284 136 39066 157 4634
30 451 112 5670 124 1279
40 87.0 32.4 1101.0 110.7 698.0
Figure 17: Descriptive statistics before the Q-test generated byMinitab.
It was decided to perform the Q-test after looking at thisMinitab print out to decrease the
variability in the data. A huge standard deviation (StDev) can be seen between dilution
data points before the extraneous data was removed. Figure 18 shows the result ofthe
descriptive statistics after the Q-test. The standard deviation has dropped drastically as
compared to the previous data set. It can also be seen that the standard deviation
decreases as dilution decreases, which supports the hypothesis that more chain
entanglements are occurring at higher concentrations.
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Variable dilution N Mean Median TrMean StDev
viscosit 10 18 2345 606 2197 2830
20 14 2252 1203 1818 2986
30 16 1248 938 1014 1359
40 18 551.1 589.5 549.2 295.6
Variable dilution SE Mean Minimum Maximum Ql Q3
viscosit 10 667 154 6900 175 5840
20 798 150 9562 157 4324
30 340 112 5670 260 1588
40 69.7 32.4 1101.0 411.0 710.8
Figure 18: Descriptive statistics ofviscosity by dilution after the Q-test generated by
Minitab.
Descriptive statistics were also performed by concentration (figure 19). The
standard deviation decreases as concentration decreases. At higher concentrations the
standard deviation is larger thus causing the data points at these higher concentrations to
be more chaotic.
Variable cone N Mean Median TrMean StDev
viscosit 3 21 163.3 154.6 153.6 107.5
6 22 767.2 697.5 761.5 243.8
9 23 3622 2437 3493 2737
Variable cone SE Mean Minimum Maximum Ql Q3
viscosit 3 23.5 32.4 480.0 119.8 169.0
6 52.0 413.7 1235.0 601.3 930.0
9 571 403 9562 1101 5840
Figure 19: Descriptive Statistics ofviscosity by concentration generated byMinitab.
Descriptive statistics by temperature (figure 20) shows an increase in standard
deviation between the two temperature groups. When going from 35C to 30C the
standard deviation increases from 33.7cps to 1329cps. At 45C the standard deviation is
2394cps and at 40C it increases to 3409cps. For each temperature group the standard
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deviation increases as temperature decreases. Further studies are needed to explain this
behavior. Possible explanations could be due to the interaction of the predictors
(temperature, concentration, and dilution) for this statistical model.
Variable Temp N Mean Median TrMean StDev
viscosit 30 17 1068 630 822 1329
35 19 486.5 512.0 470.1 333.7
40 13 2877 698 2521 3409
45 17 2283 1137 2117 2394
Variable Temp SE Mean Minimum Maximum Ql Q3
viscosit 30 322 164 5670 301 1255
35 76.5 149.8 1101.0 154.9 723.0
40 946 112 9562 124 6500
45 581 32 7027 606 4920
Figure 20: Descriptive Statistics ofviscosity by temperature generated byMinitab.
Next stepwise regression was performed byMinitab statistical software. Minitab starts
with an
"empty"
model (no predictors) and adds variables one-at-a- time. In the analysis
shown in Figure 21, only main effects (temperature, concentration, and dilution) were
considered as possible predictors. In Figure 21 it shows that concentration has the largest
F-value and the lowest p-value therefore it is the most significant variable in the proposed
model. Dilution is the next significant variable due to its low p-value and its next largest
F-value. Minitab fits the model with just one variable and then two variables and so on
until it can no longer add or remove variables.
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Alpha-to-Enter: 0.15 Alpha-to-Remove: 0.15
Response is viscosity on 3 predictors, with N = 66
Step
Constant
1
-1975.9
2
-270.7
cone
T-Value
P-Value
582
6.81
0.000
623
8.51
0.000
dilution
T-Value
P-Value
-78
-5.02
0.000
S
R-Sq
R-Sq (adj)
c-p
1700
42.03
41.12
26.3
1448
58.59
57.28
3.1
Figure 21 : Stepwise regression generated byMinitab for viscosity versus temperature,
concentration, dilution.
In figure 22 stepwise regression was performed again using different predictors:
temperature, concentration, dilution, TC, TD, and CD.
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Alpha-to-Enter: 0.15 Alpha-to-Remove: 0.15
Response is viscosity on 6 predictors, with N = 66
Step
Constant -1596
1
.0
2
-157.1
3
-486.1
4
-4733.6
5
2719.3
6
619.3
TC
T-Value
P-Value
13.7
7.32
0.000
14.5
8.64
0.000
16.4
7.94
0.000
-17.8
-2.87
0.006
8.8
0.70
0.484
TD
T-Value
P-Value
-1.73
-4.27
0.000
-1.01
-1.65
0.103
2.91
3.44
0.001
4.67
4.28
0.000
4.42
4.31
0.000
CD
T-Value
P-Value
-5.0
-1.56
0.124
-33.8
-5.96
0.000
-42.4
-6.52
0.000
-41.6
-6.52
0.000
cone
T-Value
P-Value
2132
5.72
0.000
1365
2.86
0.006
1677
9.35
0.000
Temp
T-Value
P-Value
-247
-2.43
0.018
-184
-3.80
0.000
s
R-Sq
R-Sq (adj)
C-p
1647
45.55
44.70
71.4
1462
57.75
56.41
43.5
1446
59.34
57.38
41.6
1176
73.54
71.80
8.8
1132
75.91
73.90
5.0
1127
75.71
74.12
3.5
Figure 22: Stepwise Regression: viscosity versus temperature, concentration, dilution,
TC, TD, CD.
TC has the largest F-value and a low p-value therefore is the most significant variable in
this proposed model. TD is the next most significant then CD, concentration, and lastly
temperature. It should be noted that a model containing an interaction term should also
contain both main effects. Hence, dilution should be included as well.
Next, best subsets regression using only main effects was performed byMinitab
(figure 23).
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Response is viscosity
d
i
1
u
T c t
e o i
m n o
Vars R-Sq R-Sq (adj) C-p s pen
1 42.0 41.1 26.3 1699.6 X
1 11.0 9.6 73.5 2105.6 X
2 58.6 57.3 3.1 1447.7 X X
2 43.9 42.1 25.4 1685.1 X X
3 59.3 57.3 4.0 1447.0 XXX
Figure 23 : Best subsets regression for viscosity versus temperature, concentration,
dilution generated byMinitab.
In best subset regression, Minitab looks at all one-predictor models and chooses the two
best models. In the case of this model it chose concentration as the best one-predictor
model and chose dilution as the next best. For the two-variable model it chose
concentration and dilution as the best and temperature and concentration as the second
best.
Best subsets regression was performed with interaction terms (figure 24). In this
modelMinitab chose TC as the best one-predictor model and concentration as the next
best. For the best two-predictor model, concentration and CD were chosen. The results
for the three, four, and five-predictormodels can be seen in figure 24.
46
Response is viscosity
d
i
1
u
T c t
e o i
m n o T T C
Vars R-Sq R-Sq (adj) C-p S p c n C D D
1 45.6 44.7 71.4 1647.1 X
1 42.0 41.1 80.0 1699.6 X
2 68.3 67.3 17.7 1267.3 X X
2 58.6 57.3 41.4 1447.7 X X
3 72.4 71.1 9.5 1190.5 XX X
3 70.0 68.5 15.5 1242.8 X XX
4 75.7 74.1 3.5 1126.9 XX XX
4 74.3 72.6 7.1 1160.1 XXX X
5 75.9 73.9 5.0 1131.5 XX XXX
5 75.7 73.7 5.4 1135.6 XXX XX
6 75.9 73.5 7.0 1141.1 X X X X X X
Figure 24: Best Subsets Regression: viscosity versus Temperature, concentration,
dilution, TC, TD, and CD.
Conclusions
For the model using concentration, dilution, and temperature as the predictors the
variables are ranked according to their greatest affect on viscosity: concentration,
dilution, and temperature. From regression analysis results the p-values for both
concentration and dilution were 0, while for temperature the p-value was 0.306. For both
stepwise and best subsets the best predictorwas concentration and the next best was
dilution. Therefore due to the high p-value and the low significance in stepwise
regression and best subsets, temperature has the least affect on viscosity.
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For the model using temperature, concentration, dilution, TC, TD, and CD as the
predictors no clear rankingwas possible. Each statistical analysis gave a different
ranking ofvariables. For regression analysis the variables were ranked in the following
way: CD, concentration, temperature, TD, TC, and dilution. The variables, CD,
concentration, and temperature all had p-values less then 0.05, while the remaining
variables had p-values greater than 0.05. For stepwise regression the variables were
ranked in the following way: TC, TD, CD, concentration, temperature, and dilution. In
best subsets analysis TC and concentrationwere the most significant variables. In the
case of regression analysis and stepwise regression, dilution was the least significant in
both analysises, while in both stepwise regression and best subsets the most significant
variable was TC.
Future experiments would be useful to determine what mechanism is occurring at
the more concentrated solutions ofCMC. A separate statistical model may be needed to
explain this behavior at higher concentrations. Testing is also needed to determine what
causes the standard deviation to increase as concentration increases. An experiment to
study the concentrations between 6g/L CMC and 9g/L CMC to determine the exact
concentration critical point where the "transitional
behavior" begins would also be useful.
It may be beneficial to test higher and lower temperatures and/or temperatures between
the 4 points used in this study to determine if the same behavior shown in this study
occurs. Lastly another statistical model using the same variables as the model in this
studywould be useful to determine if results are reproducible.
In this study a Graeco-Latin statistical design was used for method development.
It was found that there is some interaction between the three variables (temperature,
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concentration, and dilution) that were chosen for this study. Concentration and dilution
have the greatest effect on viscosity, while temperature has a lesser effect.
Prior to this work design ofpharmaceuticals had focused on initial concentration
only with a minor attention to temperature. It is clear from this study that all three factors
must be considered so that the final behavior of the medications in the patient is
acceptable and in therapeutic ranges.
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Appendix A: Types and grades ofAqualon CMC
Grades
Grade Designation Intended Use
Food F Food, cosmetic, pharmaceutical
Pharmaceutical P Cosmetic, pharmaceutical
Standard none Industrial
The "O" type in the 7HOF CMC used in this study indicates that it provides the best
solubility in acid media.
Degree of Substitution
Type Substitution range (a) Sodium Content, %
4 0.38-0.55 4.5-6.1
7 0.65-0.90 (b) 7.0-8.9
9 0.80-0.95 8.1-9.2
12 1.15-1.45 10.5-12.0
(a) Ranges shown in this table are not necessarily current specifications
(b) In 7S types, the upper limit of substitution is 0.95.
Viscosity Types
Designation Viscosity Type Molecular
Weight
H High 700,000
M Medium 250,000
L Low 100,000
Al
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